Microinjection of apelin-13 into the RVLM in the brainstem increases blood pressure in rats. In the present study, we tested the hypotheses that apelin-13 directly stimulates neuronal activity in neurons cultured from the brainstem, and that NAD(P)H oxidase-derived ROS are involved in this action of apelin-13. Microinjection of apelin-13 into the RVLM resulted in increases in arterial pressure and in renal sympathetic nerve activity in Sprague Dawley rats. The pressor effect of apelin-13 was attenuated by a the specific NAD(P)H-oxidase inhibitor, gp91ds-tat. In neurons cultured from the ventral brainstem, spontaneous action potentials were recorded using current-clamp recording.
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INTRODUCTION
Apelin was recently identified as an endogenous ligand of the APJ receptor, a G-protein-coupled receptors that shares 31% amino acid sequence identity with the Ang II type 1 (AT1) receptor (Tatemoto et al.,1998 , Lee et al., 2000 . Despite some homology between these receptors, apelin does not bind the AT1 receptor (O'Dowd et al., 1993) . Multiple apelin peptides are derived from a 77 amino acid precursor peptide, preproapelin, and include apelin-36 (42-77), apelin-17 (61-77) and apelin-13 (65-77) (Masri et al., 2005) . Apelin and its APJ receptors are widely distributed and mediate a variety of functions including central and peripheral cardiovascular regulation, body fluid homeostasis, control of appetite and possibly, immune function (Masri et al., 2005; Sorli et al., 2006) . The structures of both apelin and its receptor are highly conserved between species, suggesting an important physiological role. The potent vasoactive and positive inotropic effects of apelin have drawn much attention in peripheral cardiovascular regulation (Ashley et al., 2005; Ishida et al., 2004; Szokodi et al., 2002; Berry et al., 2004) . However, the central actions of this neuronal regulatory peptide on the cardiovascular system are not yet clarified.
In the brain, apelin-immunoreactive cell bodies or fibers, preproapelin mRNA, and APJ receptor mRNA are distributed predominantly in neurons of the hypothalamus, brainstem and other brain regions, including cardiovascular regulatory nuclei/areas such as paraventricular nucleus (PVN), supraoptic nucleus (SON), nucleus tractus solitarius (NTS), and rostral ventrolateral medulla (RVLM) (Lee et al., 2000; De Mota et al., 2000; O'Carroll et al., 2000; Reaux et al., 2002) . Accumulated evidence demonstrates that apelin regulates homeostasis and fluid balance via modulation of neuronal activity in the hypothalamus and alterations in the release of pituitary hormones, such as antidiuretic hormone and ACTH (Taheri et al., 2002; Lee et al., 2000; De Mota et al., 2004) . Recent electrophysiology studies performed in neurons of SON demonstrate that administration of apelin-13 stimulates neuronal firing rates and induces membrane potential depolarization, but has no effect on oxytocin neurons (Tobin et al., 2008) . This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on November 3, 2010 as DOI: 10.1124 at ASPET Journals on May 1, 2017 jpet.aspetjournals.org
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Apelin and APJ receptors are expressed in these cardiovascular regulatory regions in the brain (Hosoya et al., 2000) , suggesting an important role in central regulation of blood pressure (Reaux et al., 2001; O'Carroll et al., 2000; Reaux et al., 2002) . Intracerebroventricular microinjections of apelin have been reported either to have no effect on blood pressure or to result in a pressor response (Charles et al., 2006; Mitra et al., 2006; Reaux et al., 2001; Kagiyama et al., 2005) . The reasons for the discrepant findings in these studies are not evident, but may relate to differences in experimental methodologies.
For example, the use of anesthetized versus conscious rats, the specific apelin peptide used, and variations in accessibility of intracerebroventricularly injected apelin to specific cardiovascular nuclei may contribute to the varying responses observed. More interestingly, microinjection of apelin into specific cardiovascular regulatory areas, such as the RVLM or NTS, increases blood pressure and sympathetic nerve activity (Seyedabadi et al., 2002) . Our previous studies also demonstrate that microinjection of apelin-13 into the RVLM results in increases in arterial pressure, heart rate, and renal sympathetic nerve activity (Zhang et al., 2009 ). More interestingly, viral vector-mediated overexpression of preproapelin in the RVLM induces a chronic elevation of blood pressure in conscious rats, which was associated with severe cardiac hypertrophy (Zhang et al., 2009) . Despite increased awareness of the importance of apelin in the brain stem in blood pressure regulation, the cellular mechanisms underlying the pressor effect of apelin are still not clear. Thus, the objectives of the present study were: 1) to determine the direct effect of apelin-13 on electrical activity in cultured neurons from ventral brain stem; and 2) to determine the intracellular mechanisms underlying the neuronal response to apelin-13. In the present study we provide the first evidence that apelin-13 increases neuronal activity in neurons cultured from brainstem and that the chronotropic effect of apelin-13 is mediated by NAD(P)H oxidase-derived superoxide production. The NAD(P)H-derived superoxide is involved in the pressor response to apelin-13 microinjected into the RVLM.
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METHODS
Animals and Materials:
One-day-old Sprague Dawley (SD) rats used for neuronal culture preparations were obtained from our breeding colony, which originated from Charles River Farms (Wilmington, MA). Male adult SD rats (9 to 10 weeks old) used for in vivo studies were also purchased from Charles River Farms. 
Assessment of renal sympathetic nerve activity (RSNA) and BP:
Male adult SD rats were anesthetized with a mixture of isoflurane (3%) and oxygen (1 L/min), which was delivered through a nose cone. PE-10 catheters fused to PE-50 catheters were prefilled with heparinized saline (100 IU/mL) and placed in the right femoral artery for acute recording of BP and HR. BP, HR, and RSNA data were collected and analyzed exactly as in our previous publication (Zhang et al., 2009 ).
RVLM microinjection:
Male adult SD rats were anesthetized with inhaled isoflurane as described above. The rats were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Skin overlying the midline of the skull was incised, and a small hole was drilled bilaterally on the dorsal surface of the cranium according to This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on November 3, 2010 as DOI: 10.1124 at ASPET Journals on May 1, 2017 jpet.aspetjournals.org Downloaded from the following coordinates: 1.9 mm lateral to the midline, 3.0 mm posterior to the lambdoid suture, 10 mm below the skull. Multi-barrel microinjection pipettes (tip size 20-40 µm) were used for RVLM microinjection and were pre-loaded with different agents. One of the barrels was filled with a 5 µM solution of L-glutamate to confirm the BP-responsive site. The other barrels, depending on the experiment, contained saline, gp91ds-tat, or scrambled gp91ds-tat and apelin-13. The volume of microinjection (50 nL), as determined by the displacement of fluid meniscus in the micropipette-barrel, was visually confirmed under a modified binocular horizontal microscope. The duration of each injection was 5-10 seconds.
Preparation of neuronal cultures:
Neuronal cultures were prepared from the brainstem RVLM region of 1-day-old rats as described previously (Sun et al., 2004) . In brief, the cells were dissociated with trypsin (375 U/ml)-and DNase I (496 U.ml), resuspended in DMEM containing 10% PDHS, and plated on poly-L-lysine-precoated 35-mm Nunc plastic tissue culture dishes. After cells were grown for 3 days at 37 o C in humidified 95% O 2 and 5% CO 2 , the culture medium was replaced with fresh DMEM containing ARC (1 µM) and 10% PDHS. After two-day incubation, ARC was removed and the cells were incubated with normal medium for an additional 11-14 days before use. At the time of use, cultures consisted of 90% neurons and 10% astrocyte glia, as determined by immunofluorescent staining with antibodies against neurofilament proteins and glial fibrillary acidic protein (Sumners et al., 1990 ).
Electrophysiological recordings:
Spontaneous action potentials (APs) were recorded using the whole cell patch clamp technique in current-clamp mode, as described previously (Sun et al., 2004) . Briefly, cultured neurons (11-14 days old) were bathed in a solution containing (in mM): 140 NaCl, 5.4 KCl, 2.0 CaCl 2 , 2.0 MgCl 2 , 0.3 NaH 2 PO 4 , 10 HEPES, 10 dextrose, and pH 7.4 (NaOH). Experiments were performed at room pClamp 10 software (Axon Instruments, Burlingame, CA). Neurons in the culture dish (volume 1.5 ml) were superfused at a rate of 2-4 ml/min. Patch pipettes were pulled with a P-97 Flaming/Brown Micropipette Puller (Sutter Instrument, Novato, CA) and fire-polished to a final resistance of 2-5 MΩ.
The patch pipettes were filled with an internal pipette solution containing (in mM): 140 KCl, 2 MgCl 2 , 4 ATP, 0.1 guanosine 5-triphosphate, 10 dextrose, 10 HEPES, and pH 7.2 (KOH). The whole cell configuration was formed by applying negative pressure to the patch electrode. The resting membrane potential was defined as the potential within a time period of 1 s during which there was no spontaneous action potential firing. Neuronal firing rate was measured as the numbers of fully developed action potentials per second (Hz). In individual experiments, test agents were added sequentially in the superfusate.
It has been reported that APJ receptors are predominantly expressed in different cell populations (Tobin et al., 2008) . The APJ receptor-positive neurons were identified with a single-cell RT-PCR technique, as published previously with minor modifications (Gomez-Lira et al., 2005) . Glass patch pipettes for electrophysiological recordings were washed once in ethanol and 3 times in distilled water, and were then autoclaved for 30 minutes. After electrophysiological recording as described above, the neuronal intracellular contents were drawn into the tip of the patch pipette using negative pressure. The procedure was performed carefully under a microscope equipped with a video monitoring system to avoid aspiration of the nucleus. The pipette tip was then broken off inside an RT-PCR tube containing 5 µl of RNase-free water and RT-PCR was performed using a SuperScript III RT-PCR kit (Invitrogen, Carlsbad, CA). The RNA template from whole dishes was used as positive control and the exclusion of RNA was used as negative control. The following primers were used to identify the APJ receptor:
Forward: 5'-TCCCTGCCATCTACATTCTGG-3'; Reverse: 5'-GGCAAAGTCACCACAAAGGTC-3'. Messenger RNA from non-responsive cells was also subjected to RT-PCR as a negative control. The delayed rectifier K + current (I Kv ) was recorded using the whole-cell configuration of the patch clamp technique with stepping from a holding potential of -40 mV to +10 mV. The I Kv recording and data analysis was performed according to our previously published methods (Sun et al., 2003) .
Measurement of intracellular ROS levels:
Levels of reactive oxygen species were determined using the oxidant-sensitive fluorogenic probe dihydroethidium (DHE), essentially as described elsewhere (Zimmerman et al., 2002) . Briefly, primary cultured neurons were loaded with 100 nM DHE for 30 minutes at 37°C. The cells were then incubated with PBS for 5 min, followed by PBS containing apelin-13 (100 nM) for 5 minutes. In another set of neurons, cells were pretreated with gp91ds-tat (5 µM) or its control, scrambled gp91ds-tat, for 10 minutes prior to apelin-13 treatment, in order to ensure complete inhibition of NAD(P)H oxidase.
Ethidium fluorescence within neurons was detected by an Olympus fluorescence microscope equipped with a color digital camera, which was connected to a computer to capture and analyze images using Infinity Capture and Analyze Software. Each treatment condition was run in triplicate within experiments, and each set of experiments was performed using three separate culture dishes.
Measurement of NAD(P)H oxidase activity:
The NAD(P)H oxidase activity in neuronal cultures was measured using the lucigenin-derived chemiluminescence method, as described elsewhere (Li et al., 2002) . Neuronal cultures were treated with apelin-13 (100 nM) or PBS for 5 minutes, washed in ice-cold PBS, and the cells then scraped and sonicated for 1 second. Ten minutes before recording luminescence, NAD ( Data Analysis: All data are expressed as mean ± SE. Comparisons for multiple experimental groups were performed using ANOVA followed by Newman-Keuls correction and Student's t test was performed for two-group comparisons. Differences were considered significant at P<0.05.
RESULTS
Gp91ds-tat, an NAD(P)H oxidase inhibitor, attenuates the central effects of apelin-13 in vivo.
We and others have demonstrated that apelin-13 microinjected into the RVLM results in increases in blood pressure and sympathetic outflow (Zhang et al., 2009; Seyedabadi et al., 2002) . Thus, the objective in the first series of experiments was to establish the in vivo efficacy of gp91ds-tat to test the role of NAD(P)H oxidase-derived ROS in the pressor response to apelin-13. Microinjection of apelin-13 (200 pmol, 50 nL) into the RVLM increased MAP from 88±9 mmHg to 115± 8 mmHg (the changes in MAP are shown in Figure 1C ). Pre-treatment with gp91ds-tat (2.5 nmol, 50 nL) attenuated the increases in MAP induced by apelin-13 (79% attenuation, Figure 1A -C). In contrast, pre-treatment with scrambled gp91ds-tat (2.5 nmol, 50 nL) did not alter the pressor response of apelin-13 (MAP increase: 24±4 mmHg versus 28±4 mmHg in control, n=7, P>0.05). In addition, pre-treatment with gp91ds-tat (2.5 nmol, 50 nL) also significantly attenuated apelin-13-induced increases in HR (apelin-13: 40 ±4 bpm versus apelin-13 plus gp91ds-tat: 7±4 bpm, n=7, P<0.05). The same dose of scrambled gp91ds-tat had no effect on apelin-13-induced increases in HR ( Figure 1A and D). Microinjection of gp91ds-tat or scrambled gp91ds-tat alone into the RVLM did not alter either MAP or HR. We also examined the effect of gp91ds-tat on the sympathetic activation produced by microinjection of apelin-13 into the RVLM. RVLM microinjection of apelin-13 resulted in a 23±3% increase in RSNA and pretreatment with gp91ds-tat (2.5 nmol, 50 nL) significantly attenuated the apelin-13-induced increase in RSNA by 79%. In contrast, pretreatment with scrambled gp91ds-tat (2.5 nmol, 50 nL) did not alter the sympathetic response to apelin-13 ( Figure 1A , B, and E). However, microinjection of either gp91ds-tat or scrambled pg91ds-tat alone into the RVLM had no effect on RSNA. Collectively, these data suggest that NAD(P)H oxidase-derived ROS are involved in the central actions of apelin-13 in the regulation of blood pressure and sympathetic outflow.
Apelin-13 reversibly increases neuronal firing rate.
Next, we examined the effect of apelin-13 on neuronal activity in cultured neurons using the patch clamp technique, as detailed in the Methods. Superfusion of neurons with apelin-13 (100 nM) produced a rapid increase in firing rate from a control level of 0.79±0.14 Hz to 1.45±0.26 Hz (n=7, P<0.01) in APJ receptor-positive neurons, identified by single-cell RT-PCR (Figure 2A and 2B).
However, the same concentration of apelin-13 had no effect on neuronal firing rate in APJ receptornegative neurons (0.76±0.12 Hz and 0.75±0.14 Hz before and after administration of apelin-13, n=6, P>0.05). The apelin-13-induced chronotropic action was readily reversed upon washing out ( Figure 2A and 2B). The response to apelin-13 was rapid, reaching a peak in 5 min, and lasted for the duration of time that apelin-13 was applied ( Figure 2E ). These data suggest that apelin-13 induces a positive chronotropic effect via an APJ receptor-mediated mechanism and that the response to apelin-13 is reversible.
It has been reported that the APJ receptor has a 31% amino acid sequence homology with the angiotensin II type 1 (AT1) receptor (Lee et al. 2000) and that both AT1 and angiotensin II type 2 (AT2) receptors are expressed in these neuronal cultures (Sumners et al., 1990) . Thus, we determined the effects of the AT1 receptor antagonist, losartan, and the AT2 receptor antagonist, PD123319, on the chronotropic action of apelin-13 in rat neurons to examine the possibility as to whether there are interactions between the angiotensin system and apelin system regarding neuronal activity. Figure 2C demonstrates that superfusion of neuronal cultures with apelin-13 (100 nM) produced the expected increases in firing rate (from 0.72±0.11 Hz to 1.20±0.16, n=7, P<0.01) and that superfusion of these cells with 1µM PD123319 did not significantly alter basal firing rate ( Figure 2C ). In the presence of PD123319, apelin-13 (100 nM) still produced a significant increase in firing rate (from 0.81±0. apelin-13 and the results are shown in Figure 2D , demonstrating that losartan (1 µM) did not significantly alter the increase in neuronal firing rate produced by apelin-13 (100 nM). The results are shown in Figure 2C and 2D, demonstrating that neither pretreatment of neurons with losartan (1 µM) nor PD123319 (1 µM) altered the neuronal response to apelin-13. Both losartan and PD123319 had no effect on basal neuronal activity ( Figure 2C, 2D) . In a separate set of control experiments, neuronal responses to sequentially administrated apelin-13 were determined. Superfusion of neurons with apelin-13 (100 nM) increased neuronal firing rate by 81±9% (n=5, P<0.05). Neuronal firing was reduced to the basal control level after washing out apelin-13, and when followed by superfusion of the same neuron with apelin-13 (100 nM), neuronal firing rate was increased by 85±7% (n=5, P<0.05),
indicating that there is no significant difference between the two responses to apelin-13 (n=5, P>0.05).
Taken together, these data indicate that apelin-13 increased neuronal firing rate via an AT1 receptorand AT2 receptor-independent mechanism in neurons.
Apelin-13 increase ROS production in neurons.
The fluorogenic probe, DHE, was used to assess the effect of apelin-13 on reactive oxygen species (ROS) production in primary cultured neurons. Under control conditions, ethidium fluorescence was low in PBS-treated neurons ( Figure 3B) ; however, treatment of these same cells with apelin-13 (100 nM) resulted in a significant increase in the intensity of ethidium fluorescence within neurons (443.7±15.2 and 782.1±30.2 ethidium flurorescence intensity of cells treated with control PBS and with apelin-13, n=20 neurons, P<0.01, Figure 3B , C, and 3G). The apelin-13-induced increase in ethidium fluorescence was abolished by gp91ds-tat (5 µM) (442.2±19.3 and 477.3±33.1 ethidium fluorescence intensity of cells treated with gp91ds-tat and gp91ds-tat+apelin-13 respectively, n=15, P>0.05, Figure 3E , F, and H). However, the scrambled control gp91ds-tat did not alter the stimulatory action of apelin on ROS production (439.0±20.1 and 809.0±44.9 ethidium fluorescence intensity of cells treated with scrambled gp91ds-tat and scrambled gp91ds-tat+apelin-13 respectively, n=15, p<0.01). These results indicate that apelin-13 increases superoxide production, which is blocked by inhibition of NAD(P)H oxidase. It has been determined in a previous study (Sumners et al., 1990 
Apelin-13 stimulates NAD(P)H oxidase in neuronal cultures:
Treatment of primary cultured neurons with apelin-13 (100 nM) resulted in a 2-fold increase in NAD(P)H oxidase activity (Figure 4 ). This effect of apelin was completely blocked by preincubation of neurons with gp91ds-tat (5 µM). However, pretreatment of neurons with the scrambled gp91ds-tat (5 µM) did not significantly alter the apelin-13-induced response to NAD(P)H oxidase (Figure 4 ).
These data demonstrate that apelin-13 stimulates NAD(P)H oxidase activity in neuronal cultures and this effect of apelin-13 is completely blocked by gp91ds-tat.
NAD(P)H oxidase-derived ROS are involved in the chronotropic effect of apelin-13.
In this series of experiments, we investigated the role of NAD(P)H oxidase in the apelin-induced increase in neuronal firing rate. Similar to the data in Figure 1 , apelin-13 (100 nM) induced a significant increase in neuronal firing rate in most neurons (neurons that failed to respond to apelin-13
were not included in the analysis). In apelin-13-responsive neurons, washout of apelin-13 for 10 to 15 minutes returned firing rate to baseline levels, and superfusion with gp91ds-tat (5 µM) alone did not alter firing rate ( Figure 5A, 5C ). Subsequent superfusion of apelin-13 (100 nM) in the presence of gp91ds-tat attenuated the chronotropic effect of apelin-13 ( Figure 5A, 5C ). In contrast, scrambled gp91ds-tat (5 µM) did not significantly alter the apelin-13-induced chronotropic effect under the same treatment conditions ( Figure 5B and 5C). Neither gp91ds-tat nor scrambled gp91ds-tat alone had any significant effect on basal neuronal activity. In summary, these results demonstrate that the apelin-13-induced increase in neuronal firing rate is mediated by NAD(P)H oxidase-derived ROS production in neurons.
Superoxide contributes to the chronotropic effect of apelin-13:
In order to identify whether superoxide contributes to the positive chronotropic effect of apelin13, we examined the chronotropic action of apelin-13 in the presence or absence of a cell-permeable superoxide scavenger, PEG-SOD (25 U/ml). Protocols similar to those used in the above gp91ds-tat experiments were followed. Superfusion of neurons with apelin-13 (100 nM) triggered a significant increase in neuronal firing rate ( Figure 6A ). This chronotriopic action of apelin-13 was attenuated by pretreatment of the neurons with PEG-SOD (25 U/ml). PEG-SOD alone had no effect on the basal neuronal firing rate. Moreover, superfusion of neurons with a superoxide generator, xanthine-xanthine oxidase (X -XO: X 10 mM; OX 20 mU/ml) increased neuronal firing rate (from 0.63±0.07 Hz to 1.38±0.04, n=5 neurons, P<0.05), mimicking the effects of apelin-13 ( Figure 6B ). These results suggest that superoxide is involved in the apelin-13-induced increase in neuronal firing rate in SD rat neurons. Next, we examined the role of hydrogen peroxide (H 2 O 2 ) in the chronotropic action of apelin-13. Pretreatment of cells with a cell-permeable H 2 O 2 scavenger, PEG-catalase (250 U/ml), did not significantly alter the apelin-induced increase in neuronal firing rate ( Figure 6C ). Superfusion of neurons with H 2 O 2 (1 µM) had no significant effect on basal neuronal firing (0.74±0.13 Hz and 0.71±0.09 Hz in the neurons treated with control PBS and H 2 O 2 , n=8 neurons, P>0.05, Figure 6D ).
Taken together, these data suggest that the positive chronotropic effect of apelin-13 is mediated by intracellular superoxide production in rat neurons.
Apelin-13 inhibits I Kv via a NADPH oxidase-dependent mechanism.
Both K + and Ca 2+ currents contribute to action potential formation, and alterations in the activity of these ion channels modulates the frequency of action potentials, thereby changing neuronal firing. Sun et al., 2003) , we next examined the effect of apelin-13 on I Kv and the role of NADPH oxidasederived ROS in this action of apelin-13 on I Kv in cultured rat neurons. We recorded I Kv using voltage steps from -40 to +10 mV in the whole-cell patch clamp mode. The results are shown in Figure 7 , demonstrating that treatment of neurons with apelin-13 significantly inhibited I Kv and that this inhibitory effect of apelin-13 was completely reversed by pre-treatment with 5 µM gp91ds-tat.
However, the same dose of scrambled gp91ds-tat did not alter the effect of apelin-13 on I Kv in cultured rat neurons. These data demonstrate that the ROS-mediated chronotropic action of apelin-13 may involve inhibition of I Kv.
DISCUSSION
The important new findings of this study are that NAD(P)H oxidase-derived ROS are involved in the pressor response to apelin-13 microinjected into the RVLM in normotensive rats, and that apelin-13 increases RVLM neuronal activity, an effect that is mediated by NAD(P)H oxidase-derived ROS.
These conclusions are supported by the following observations: 1) inhibition of NAD(P)H oxidase attenuated increases in arterial pressure, heart rate, and renal sympathetic nerve activity resulting from microinjection of apelin-13 into the RVLM of normotensive rats; 2) apelin-13 increased spontaneous neuronal firing exclusively in APJ-receptor-positive neurons via an AT1R-and AT2R-independent mechanism; 3) the chronotropic effect of apelin-13 was attenuated by blockade of NAD(P)H oxidase or by the superoxide scavenger, PEG-SOD; 4) incubation of neurons with apelin-13 increased intracellular superoxide levels and NAD(P)H oxidase activity; and 5) superfusion of neurons with a superoxide generator, xanthine-xanthine oxidase, also increased neuronal activity, mimicking the action of apelin-13.
APJ receptors and apelin are found in a variety of brain areas including hypothalamus and brainstem. In the hypothalamus, the most intense expression of the apelin/APJ receptor system is in the However, the second messenger signaling system(s) involved in the apelin/APJ receptor-mediated response in neurons is not yet fully understood. The results of the current study demonstrate that apelin-13 also increases neuronal activity in neurons cultured from the ventral brainstem RVLM area, and that the chronotropic action of apelin-13 is mediated by NAD(P)H oxidase-dependent superoxide production within these neurons. Treatment of neurons with apelin-13 increased NAD(P)H oxidase activity and elevated intracellular ROS levels by a NAD(P)H oxidase-dependent mechanism.
Furthermore, selective blockade of NAD(P)H oxidase or scavenging superoxide attenuated the chronotropic effect of apelin-13. These results are consistent with previous observations in APJ receptor knock-out mice, in which oxidative stress-linked atherosclerosis was prevented (Hashimoto et al., 2007) . In addition, apelin-induced cell proliferation was attenuated by treatment with SOD or the NAD(P)H oxidase inhibitor, diphenylene iodonium, in cultured vascular smooth muscle cells (Hashimoto et al., 2007) . Taken together, the evidence strongly suggests that an NAD(P)H oxidase/superoxide-dependent mechanism may be a crucial signaling mechanism in the action of the apelin/APJ receptor system in neurons within the RVLM.
It has been reported that intracerebroventricular (icv) application of apelin-13 increased blood pressure and heart rate in conscious animals and that pretreatment with icv injection of an AT1R
antagonist did not alter these responses to apelin (Charles et al., 2006) . In addition, Seyedabadi et al reported that microinjection of apelin-13 directly into the NTS and RVLM elicited an increase in arterial pressure (Seyedabadi et al., 2002) , suggesting that the brainstem may be a primary site of action in the pressor effect of apelin-13. Consistent with these in vivo studies, the current experiments provide direct evidence that exposure to apelin-13 increases neuronal firing in neurons cultured from ventral brainstem RVLM area. These observations suggest that the pressor effect of apelin-13 may be mediated by the direct stimulation of neurons within the brainstem. In accordance with the previous finding that the APJ receptor has 31 % homology with the AT1 receptor, we tested whether the apelin-13-induced increase in neuronal firing is mediated via AT1 receptors. Pretreatment of neurons with the AT1 receptor antagonist, losartan, did not change the chronotropic effect of apelin-13 suggesting that the actions of apelin-13 on neurons are independent of AT1 receptors.
The present observations demonstrate that apelin-13 increases intracellular superoxide levels by stimulating NAD(P)H oxidase and that increased superoxide production is involved in the chronotropic action of apelin-13 in rat brainstem neurons. Although superoxide may be rapidly converted to hydrogen peroxide, it is unlikely that the chronotropic effect of apelin-13 is mediated by hydrogen peroxide since the hydrogen peroxide scavenger, catalase, had no effect on the response to apelin-13 and authentic hydrogen peroxide itself had no effect on neuronal firing rate. These results are supported by data from studies in vascular smooth muscle cells showing that NAD(P)H oxidasedependent superoxide production is involved in the apelin-13-induced increase in vascular smooth muscle cell proliferation (Hashimoto et al., 2007) . However, the nature of the intracellular signaling mechanisms by which superoxide increases neuronal firing rate in neurons remains to be clarified. One possibility may be a direct redox-dependent regulation of ion channel activity. The current study demonstrated that apelin-13 inhibited K + channel currents and that the inhibitory effect of apelin-13 was attenuated by an NAD(P)H oxidase inhibitor. These data strongly suggest that the underlying cellular mechanism of action of apelin involves inhibition of neuronal K + channel currents; however, we cannot exclude a role for Ca 2+ channels in the action of apelin-13 and ROS on the regulation of neuronal activity. It has been reported that apelin-13 stimulates Ca 2+ currents in vasopressin neurons (Tobin et al., 2008) and that the pore-forming subunit of Ca 2+ channel contains more than 10 cysteine residues (Mikami et al., 1989 ) that can potentially undergo redox modification. Thus, the precise role of specific ion channels in the actions of superoxide and apelin-13 will require further investigation.
This article has not been copyedited and formatted. The final version may differ from this version. In the current study, we also observed the time-course of the neuronal response to apelin-13 in cultured neurons. The response to apelin-13 was rapid, reaching a peak in 5 min, and lasting at least 20 min. In contrast, our previous study demonstrated that the pressor effect of apelin-13 microinjected into the RVLM of rats started at 2 min, peaked at 4 to 10 min, and lasted only about 14 min. The reason for the shorter duration of action of apelin-13 in vivo is not clear. One possible explanation may be that apelin-13 is rapidly degraded in this brain area, which could decrease the activity of the peptide when microinjected during in vivo experiments. Indeed, angiotensin converting enzyme 2 (ACE2), an enzyme that hydrolyses both apelin and angiotensin II with similar potency, is highly expressed in the RVLM (Yamazato et al., 2007) and, therefore, is responsible for the degradation of both peptides.
In summary, the novel neurohormonal peptide, apelin-13 increases neuronal activity via an AT1 receptor-independent mechanism in neurons. The positive chronotropic action of apelin-13 is mediated by NAD(P)H oxidase-derived superoxide accumulation in neurons, and may contribute to the regulation of cardiovascular function and blood pressure by this peptide. 1421-8.
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